For their administration, cationic lipid-mediated transfer is a promising approach, because of its low toxicity, ease of preparation, and potential for active targeting. One disadvantage associated with the use of DNA-cationic lipid complexes systemically is the induction of an inflammatory response. [5] [6] [7] [8] [9] To overcome the inflammatory response associated with the cationic lipid-mediated gene transfer, preinjection of free liposomes and coinjection of NFkB decoy oligodeoxyribonucleotides (ODNs) have been attempted. [10] [11] [12] These treatments decrease cytokine production and increase transgene expression. The inflammatory response elicited by the DNA-cationic lipid complexes is thought to be due to unmethylated CpG sequences, because the unmethylated CpG dinucleotides in ODNs effectively induce cytokine production. [13] [14] [15] [16] [17] Additionally, Yew et al. achieved enhanced and long-term transgene expression by eliminating the CpG sequences in plasmid DNA, 18) suggesting the importance of inflammation suppression. They reported an inverse correlation between transgene expression and the number of CpG dinucleotides, which cause an inflammatory response: the CpG-depleted plasmid DNA expressed transgene products more efficiently than the usual CpG-rich plasmid DNA. 18) Recently, we found that an ODN containing N 6 -methyladenine (N 6 -MeA), a bacterium-specific modified base, induced cytokines. 19) This base is post-replicationally modified by the Dam protein in Escherichia coli. 20) When complexed with cationic lipids, plasmid DNA containing N 6 -MeA also induced interleukin-12 (IL-12). Nearly half of the total IL-12 production was due to the N 6 -MeA residues in the plasmid DNA. 19) Thus, plasmid DNAs without N 6 -MeA are expected to express transgenes more efficiently in vivo than those containing N 6 -MeA, because of the lower inflammatory response. Previously, Allamane et al. compared the in vivo levels of transgene expression from plasmid DNAs with and without N 6 -MeA, delivered by direct injection and electroporation in the mouse muscle. 21) They observed that the plasmid DNA containing N 6 -MeA produced the transgene product more efficiently than that without N 6 -MeA, after 24 h. However, they did not measure the cytokine levels after the administration, and thus the effects of cytokine production by ) strains, respectively. The presence of endonuclease A, encoded by the endA gene, may damage the amplified plasmid DNA in the JM110 strain. Indeed, it was reported that the presence of an endA Ϫ mutation had a significant effect on both the yield and quality of plasmid DNA. 22) The transgene on the damaged DNA may be transcribed less efficiently and may be degraded by cellular nucleases more rapidly than undamaged DNA.
To examine the effects of adenine methylation and its induction of inflammatory cytokines on transgene expression in mice, we amplified plasmid DNA in dam Ϫ endA Ϫ and dam ϩ endA Ϫ E. coli strains. The plasmid DNAs, complexed with cationic lipids and a cationic polymer, were intravenously injected into mice. Our results suggest that the use of plasmid DNA isolated from a dam Ϫ strain does not increase transgene expression in vivo.
MATERIALS AND METHODS
Plasmid DNA We constructed a new plasmid containing the CMV promoter and the luciferase gene (pYK-CMV-luc), and this construction will be reported elsewhere. This plasmid DNA was amplified in the E. coli strains DH5a (dam To evaluate the effects of adenine methylation on transgene expression in vivo, we injected luciferase-encoding plasmid DNA, complexed with cationic lipids or a cationic polymer, intravenously into mice. When the plasmid DNAcationic lipid complexes were injected, the luciferase expression from the methylated and unmethylated plasmids was similar, although cytokine was more efficiently elicited by the methylated DNA than the unmethylated DNA. Hydrodynamics-based injections of plasmid DNA-cationic polymer complexes did not induce cytokine, and the luciferase expression from the unmethylated plasmid was slightly lower than that from the methylated plasmid DNA. These results suggest that the presence of N dotoxin was removed by a treatment with Triton X-114, as described previously. 23) Plasmids were checked for the absence (Ͻ6.0ϫ10
Ϫ5 endotoxin units/mg DNA) of endotoxin with the LAL test (Pyrogent kit, BioWhittacker, Walkersville, Maryland, U.S.A.). Measurements of absorbance at 260 nm and Hoechst 33258 fluorescence were performed to quantify the DNA concentrations.
DNA Administration by Cationic Lipids The pYK-CMV-luc plasmid (8 mg) was mixed with the Lipofectin Reagent (Invitrogen, Carlsbad, California, U.S.A.) at an N/P ratio of 1 : 1 in 300 ml of 10 mM Hepes-NaOH, 5% glucose, pH 7.4. This solution was injected into the tail vein of female Balb/c mice (six weeks old). The spleens were harvested after 2, 3, 4, 8, 12, 16, and 24 h. The samples were minced with scissors and homogenized completely in Lysis Buffer (100 mM Tris-HCl, 2 mM EDTA, 0.1% Triton X-100, pH 7.8). After centrifugation at 13000 rpm for 10 min, the supernatant was examined for luciferase activity by Luciferase Assay Systems (Promega, Madison, Wisconsin, U.S.A.).
DNA Administration by Cationic Polymer
The pYK-CMV-luc plasmid (0.5 mg) was complexed with the TransIT In Vivo Polymer Solution (Mirus Bio, Madison, Wisconsin, U.S.A.), according to the procedures recommended by the supplier. This polymer is cationic (information from the supplier). The rapid, high-volume injection method (hydrodynamics-based administration) was used for delivery to the liver of female Balb/c mice (six weeks old). The livers were harvested after 4, 8, 24, and 96 h, and the luciferase activity was measured as described above.
Measurement of IL-12 Induction by ELISA Blood was taken from the posterior vena cava at 5 and 4 h after the injection of the DNA-Lipofectin and DNA-TransIT complexes, respectively, and was incubated at 4°C overnight. The serum was recovered by centrifugation. The IL-12 concentrations were determined with the AN'ALYZA Immunoassay System (Genzyme, Minneapolis, Minnesota, U.S.A.).
RESULTS AND DISCUSSION
Plasmid DNAs complexed with cationic lipids induce cytokine production. [5] [6] [7] [8] [9] Part of this inflammatory response is attributable to N 6 -MeA in DNA. 19) Since this adenine methylation is catalyzed by the Dam protein in E. coli, we purified plasmid DNA containing the CMV promoter and the luciferase gene from the E. coli strain SCS110 (dam Ϫ endA Ϫ ). Plasmid DNAs isolated from the SCS110 and control DH5a (dam ϩ endA Ϫ ) strains were intravenously injected into mice after complex formation with cationic lipids (Lipofectin). Luciferase expression in the spleen was examined at 2, 3, 4, 8, 12, 16, and 24 h after administration. Unexectedly, little, if any, luciferase expression was observed in other organs including lung. As shown in Fig. 1 , the luciferase activity increased up to 4 h, and then decreased. In contrast to our expectations, the adenine-methylated and -unmethylated plasmid DNAs showed similar expression-time curves (Fig. 1) . The injection of the methylated plasmid DNA-Lipofectin complex induced more IL-12 production than the unmethylated plasmid DNA-Lipofectin complex (Table 1) , as described previously. 19) Thus, cytokine induction by N 6 -MeA did not seem to suppress transgene expression.
Transgene expression was reportedly enhanced when fewer CpG sequences were present in plasmid DNA, 18) suggesting the importance of inflammation suppression for improved transgene expression. We then examined the hydrodynamics-based injection of plasmid DNAs complexed with a cationic polymer, the TransIT Reagent, according to this report.
18) The luciferase expression in the liver was examined at 4, 8, 24, and 96 h after administration. As shown in Fig. 2 , the luciferase activity decreased from 8 to 96 h. The adeninemethylated and -unmethylated plasmid DNAs showed similar expression-time curves, although the expression of the gene from the unmethylated plasmid DNA was about two-fold 2020 Vol. 28, No. 10 (Fig. 2) . In this case, no significant induction of IL-12 in the blood was observed upon the injection of the methylated and unmethylated plasmid DNA-polymer complexes ( Table 1) .
The objective of this study was to examine the effects of the adenine methylation of plasmid DNA in bacterial cells on the transgene expression efficiency in mice. We compared the expression of a transgene from both unmethylated and conventionally methylated plasmid DNA in mice. We found that the luciferase gene on the unmethylated plasmid DNA was expressed (or transcribed) similarly to that on the methylated DNA, when injected into mice as a complex with cationic lipids (Fig. 1) . In this situation, the inflammatory cytokine (IL-12) was induced twice as efficiently by the methylated plasmid DNA than the unmethylated plasmid DNA. These results are contrast to the previous reports on decrease in cytokine production and increase in transgene expression by preinjection of free liposomes and coinjection of NF-kB decoy ODNs. [10] [11] [12] When we preinjected lipopolysaccharide which induces the inflammatory responses into mice, it suppressed transgene expression from the same plasmid DNA as used in this study by ca. 80-fold (data not shown). Thus, the inflammatory response also suppresses transgene expression in our experimental systems. In addition, transgene expression from the unmethylated plasmid was less than that from the methylated molecule, when plasmids complexed with a cationic polymer were administered by hydrodynamics-based injection, which did not increase the IL-12 levels in the blood (Fig. 2, Table 1 ).
Taken together, these results suggest that N 6 -MeA in plasmid DNA does not reduce transgene expression, irrespective of cytokine induction. This interpretation agrees with that of a previous report by Allamane et al., 21) who observed that plasmid DNA containing N 6 -MeA produced the transgene product more efficiently than that without N 6 -MeA upon injection and electroporation in the mouse muscle. However, they did not measure the cytokine levels after the administration, and they used a dam Ϫ strain that was not isogenic (for the endA gene) to the control dam ϩ strain. The adeninemethylated plasmid DNA may be more efficient for transgene expression than the unmethylated plasmid DNA, and their abilities to express the transgene product are similar, even with the inflammatory response, at least under certain conditions.
In the case of plasmid DNA isolated from SCS110, the ratio of open circular DNA to closed circular DNA was higher, and the unmethylated plasmid DNA sometimes 'aggregated', as detected by agarose gel electrophoresis. This might explain the lower transgene expression from the unmethylated plasmid DNAs isolated from SCS110, because open circular DNA is reportedly transcribed less effectively than closed circular DNA 24) and because the aggregation, if it occurred, would probably reduce the transcription efficiency.
Transgene expression from the methylated plasmid DNA might be higher than that from the unmethylated plasmid DNA in spleen. The inflammatory response induced by the methylated plasmid DNA-Lipofectin complex might cancel this higher transcription efficiency resulting in similar transgene expression as shown in Fig. 1 . We cannot disregard this possibility at this time and further studies will reveal reasons of the similar expression of methylated and unmethylated plasmid DNAs complexed with Lipofectin in spleen.
Yew et al. reported that transgene expression was enhanced by the elimination of CpG sequences in plasmid DNA, 18) suggesting the importance of inflammation suppression. However, we did not observe cytokine production upon hydrodynamics-based injection of the methylated plasmid DNA-cationic polymer complex, which was the injection method that they used (Table 1) . 18) Thus, it is unlikely that the reported effects of the fewer CpG sequences were due to less inflammation. Alternatively, the CpG dinucleotides may undergo de novo methylation in the plasmid DNA in mammalian cells, as suggested by Hong et al. 25) However, the results obtained recently in our laboratory did not support this hypothesis (unpublished results). It is of interest to know the reason(s) of enhanced transgene expression by the elimination of CpG sequences in plasmid DNA.
In this study, we examined the effects of the adeninemethylation of plasmid DNA on transgene expression in mice. In contrast to our expectations, the use of unmethylated plasmid DNA did not improve the expression. Thus, N 6 -MeA residues themselves will not cause reduced transgene expression in gene therapy with plasmid-based nonviral vectors.
